We use accurate quantum mechanical calculations to analyze the effects of parallel electric and magnetic fields on collision dynamics of OH( 2 Π) molecules. It is demonstrated that spin relaxation in 3 He-OH collisions at temperatures below 0.01 K can be effectively suppressed by moderate electric fields of order 10 kV/cm. We show that electric fields can be used to manipulate Feshbach resonances in collisions of cold molecules. Our results can be verified in experiments with OH molecules in Stark decelerated molecular beams and electromagnetic traps.
I. INTRODUCTION
trapped, and manipulated using moderate static or time-varying electric fields available in the laboratory [5, 12, 13, 14] . A variety of novel experiments with trapped OH molecules has been reported. The ability to fine tune the collision energy of a Stark-decelerated beam allowed Meijer and co-workers to study threshold behavior of Xe-OH rotationally inelastic scattering at collision energies as low as 50 cm −1 [5] . High-precision spectroscopy of cold trapped OH was used to study the time evolution of the fine structure constant [4] , measure the lifetimes of vibrationally excited states [13] , and determine the rates of optical pumping due to blackbody radiation [14] . Sawyer et al. have recently reported measurements of cross sections for elastic and inelastic collisions of magnetically trapped OH molecules with He atoms and D 2 molecules at kinetic energies of 60 cm −1 and above [6] .
Theoretical studies of low-energy collisions of OH molecules have been reported by several groups [5, 15, 16, 17, 18, 19] . Avdeenkov and Bohn studied ultracold collisions of OH molecules [15, 16] and discovered weakly-bound dimer states supported by the dipole-dipole interaction forces in the presence of an external electric field [16] . Ticknor and Bohn found a significant suppression of inelastic relaxation rates for the low-field-seeking states of OH in a magnetic field [17] . Lara et al. analyzed the effects of non-adiabatic and hyperfine effects on field-free Rb-OH collisions [18] . Their results indicated that sympathetic cooling of OH molecules by collisions with Rb atoms might be challenging due to large inelastic loss rates.
González-Sánchez, Bodo, and Gianturco [19] considered field-free collisions of rotationally excited OH molecules with He atoms and found sharp propensity rules for rotational and Λ-doublet changing transitions at ultracold temperatures.
Here, we present a theoretical analysis of OH( 2 Π) collision dynamics in combined electric and magnetic fields. We have previously demonstrated that spin-changing collisions of Σ-state molecules can be efficiently manipulated by superimposed electric and magnetic fields [20, 21, 22] . Building on our previous work [20, 21] and the results of Bohn and co-workers [15, 16, 17] , we develop a rigorous quantum theory of collisions between 2 Π molecules and structureless atoms in external fields and calculate the dependence of the cross sections for He-OH collisions on electric and magnetic fields. Our results suggest that collisions of OH molecules with He atoms can be efficiently manipulated with the external fields. In particular, we demonstrate an efficient mechanism for suppression of spin relaxation in 2 Π molecules with electric fields.
II. THEORY
The quantum mechanical formalism for collisions of diatomic molecules in 2 Π electronic states in the absence of external fields has been presented by several authors (see, e.g., Refs.
[ 19, 23, 24] ). Here, we focus on the theoretical aspects relevant for incorporating the effects of electromagnetic fields in scattering calculations. Section IIA presents the discussion of the influence of the electric and magnetic fields on the energy level structure of 2 Π molecules.
In Sec. IIB, we discuss the Hamiltonian of the collision complex and the coupled-channel representation of the scattering wave function. A derivation of the matrix elements for the interaction potential operator in the basis of scattering states is presented in Sec. IIC.
A. The OH molecule in superimposed electric and magnetic fields
The Hamiltonian for a 2 Π molecule such as OH can be written as [25, 26, 27 ]
whereĤ rot is the angular part of the rotational kinetic energy [28] 
B e is the rotational constant,Ĵ SF =N SF +L SF +Ŝ SF is the total angular momentum, N SF is the rotational angular momentum of the nuclei,L SF is the electronic orbital angular momentum, andŜ SF is the electron spin. In Eq.
(1), we have neglected the hyperfine interaction due to the nuclear spin of H. The hyperfine interaction constant of OH is an order of magnitude smaller than the Λ-doublet splitting, and the hyperfine effects may alter collision dynamics at temperatures below 4 mK [17] . The angular momentum operators in Eq. (2) are defined in the space-fixed frame. However, the symmetry properties of the electronic wave functions are most conveniently exploited in the molecule-fixed frame, with the z-axis oriented along the OH bond. The row vector of molecule-fixed angular momentum operators can be defined asĴ SF =Ĵ MF R(ᾱ,β, 0), where R is the matrix of direction cosines and (ᾱ,β) are the Euler angles which specify the orientation of the diatomic molecule in the space-fixed coordinate system. Alternatively, one can define the column vectorĴ SF = R(ᾱ,β, 0)Ĵ MF [28] . The molecule-fixed angular momentum operators do not commute, and 
The matrix elements ofĤ rot are independent of the convention. In the following, we will omit the superscript "MF".
The second term in Eq. (1) is the spin-orbit (SO) interaction
where A is the SO interaction constant. The remaining terms in Eq.
(1) account for the effects of Λ-doubling and the interactions with static electric and magnetic fields (explicit expressions forĤ Λ ,Ĥ E , andĤ B are given below). The energy levels of a 2 Π molecule can be evaluated by diagonalizing the Hamiltonian (1) in Hund's case (a) basis . The off-diagonal matrix elements of the SO interaction between the 2 Π state and the excited electronic states give rise to the Λ-doubling effect [25, 26] described below. After neglecting the cross terms, Eq. (3) may be written aŝ
where the subscript z refers to the molecule-fixed projections of the angular momentum operators. The Λ-doubling is described by the effective Hamiltonian [25, 26] 
whereĴ ± =Ĵ x ∓ iĴ y andŜ ± =Ŝ x ± iŜ y are the ladder operators, φ is the azimuthal angle of the electron in the molecule-fixed frame, and p and q are the phenomenological Λ-doubling parameters. Using the phase convention for the electronic wave functions, Λ = ±1|e ±2iφ |Λ ′ = ∓1 = −1, the matrix elements of the Hamiltonian (6) can be written as
The interaction with the magnetic field of strength B has the form
whereB is the unit vector in the direction of the external magnetic field. To first order, the interaction of the molecule with the dc electric field can be written aŝ
where χ is the polar angle of the molecule in the space-fixed frame, E is the electric field strength, and d is the permanent electric dipole moment of the molecule. Here, we assume that both the electric and magnetic fields are oriented along the space-fixed z-axis. The more general case of crossed electric and magnetic fields is considered elsewhere [29] .
It is convenient to use parity-adapted Hund's case (a) basis functions Expanding the rotational kinetic energy in terms of the ladder operators and using Eq. (5), we obtainĤ
where we have omitted the termsL 2 andŜ 2 which would only result in an overall energy shift.
The matrix elements of the rotational and spin-orbit Hamiltonians can now be evaluated in the parity-adapted basis (10) . They have the form
where α ± (J,Ω) = J(J + 1) −Ω(Ω ± 1). Combining Eqs. (7) and (10), we obtain the following compact expression for the Λ-doubling matrix elements
In order to evaluate the matrix elements of the Zeeman Hamiltonian in the basis (10), it is necessary to transform the operator (8) to the molecule-fixed framê
where only the q = 0 molecule-fixed component ofL survives on the right-hand side. Evaluating the integrals over the product of three Wigner D-functions, we find
The matrix elements of the interaction with electric fields have a similar form
This expression shows that electric fields couple the states of the opposite inversion parity.
B. Collision dynamics
The He-OH( 2 Π) collision complex can be described by the Jacobi vectors R -the separation of He from the center of mass of OH and r -the internuclear distance in OH. The angle between the vectors is denoted by θ. In the following, it will be convenient to use the unit vectorsR = R/R andr = r/r, where R = |R|, r = |r|. The Hamiltonian of the collision complex can be written in atomic units as [17, 19, 23 ]
where µ is the reduced mass of the 3 He-OH system,l is the orbital angular momentum for the collision,V (R, r, θ) is the electrostatic interaction potential, andĤ mol is the Hamiltonian of the OH molecule in the presence of external electric and magnetic fields (see Sec. IIA).
We assume that the internuclear distance of OH is fixed at the equilibrium value of 1.226Å.
The wave function of the He-OH collision complex Ψ satisfies the Schrödinger equation at a total energy E, and can be expanded over the complete coupled-channel basis
where ψ β (R,r) are the angular basis functions. The fully uncoupled angular basis set can be defined as a direct product of the parity-unadapted Hund's case (a) functions and spherical
where the spherical harmonics |ℓm ℓ = Y ℓm ℓ (r) describe the orbital motion of the He atom around the OH fragment. To be consistent with spectroscopic nomenclature, it is convenient to use a slightly modified basis given by
where |JMΩǫ are Hund's case (a) basis functions of definite parity (10) . The basis sets (19) and (20) are related by a unitary transformation, and are equivalent.
Substituting the coupled-channel expansion (18) into the Schrödinger equation, we obtain a system of coupled second-order differential equations
In order to solve these equations, it is necessary to evaluate the matrix elements on the righthand side. In the uncoupled representation (20) , the operator ℓ 2 is diagonal with matrix elements given by ℓ(ℓ + 1) [11] . The matrix elements of the asymptotic HamiltonianĤ mol in basis (20) are
where the expression on the right-hand side is evaluated in Sec. IIA. All that remains to complete the definition of the system of coupled equations (21) is to evaluate the matrix elements of the interaction potential. This is described in the following section.
Once the coupled equations are solved, the asymptotic wave function is transformed to the field-dressed basis |γ |ℓm ℓ , which diagonalizes the asymptotic HamiltonianĤ mol . The transformation can be written as
where C JMΩǫ,γ are the components of the eigenvector ofĤ mol corresponding to the eigenstate γ with energy ε γ . The matrix of the transformation (23) is diagonal in ℓ and m ℓ . The Smatrix can be obtained from the transformed wave function using the standard asymptotic matching procedure [35] . The cross sections for transitions between the field-dressed states of OH can be expressed as
where the wavevector k 2 γ = 2µ(E − ε γ ) = 2µE coll , E coll is the collision energy, and the summation in Eq. (24) is performed in a cycle over the total angular momentum projection [11] .
We used the following molecular constants of OH (in cm The close-coupled equations (21) were solved numerically using the improved log-derivative method [36] on a grid of R from 2 to 65 a 0 with a step size of 0.01 a 0 . The resulting cross sections were converged to within 5%.
C. Matrix elements of the interaction potential
The matrix elements of the interaction potential between the states with definite Λ can be expanded in reduced Wigner D-functions
Since in our case |Λ| = |Λ ′ | = 1, only the terms in Eq. (25) with Λ ′ − Λ = 0, ±2 are different from zero. They can be obtained by expanding the half-sum and half-difference of the two ground-state potential energy surfaces of A ′ and A ′′ symmetry [23, 24] 1
where d λ 0µ (cos θ) are the reduced Wigner D-functions and P λµ (cos θ) are the associated Legendre polynomials, which are related through [30] 
The interaction potential (25) can be evaluated in the parity-unadapted basis using Eqs.
(4), (19) and the generalized spherical harmonics addition theorem [24, 30] 
Combining this expression with Eq. (25) and evaluating the integrals over the products of three D-functions, we obtain
The expansion coefficients have the property V λ,Λ ′ −Λ (R) = V λ,Λ−Λ ′ (R) [24] . We note that the 3-j symbols in Eq. (30) vanish unless
Thus, the electrostatic interaction potential only couples the states with the same total angular momentum
A transformation of the interaction potential matrix elements (30) to the parity-adapted basis (10) using the symmetry properties of 3-j symbols [30] yields 
III. RESULTS
The upper panel of Fig. 1 shows the energy levels of OH as functions of the magnetic field. At zero field, the absolute ground state of the molecule is a Λ-doublet with J = 3/2.
Magnetic fields further split the e and f components of the doublet into four Zeeman levels characterized by M = − and the elastic cross section is independent of E coll . Magnetic fields modify the energy dependence of the cross sections. At small magnetic fields, the cross sections continue to decrease with E coll down to 10 −5 K and start to follow the threshold behavior as the energy is further decreased. The turnover point moves to higher energy with increasing magnetic field. At very large fields, the spin relaxation cross section always increases with decreasing collision energy. This behavior in qualitatively similar to that observed for collisions of molecules in Σ electronic states [11] . The conservation of the total angular momentum projection (see Sec. IIB) implies that the spin relaxation transition
should be accompanied by the transition m ℓ → m ′ ℓ = m ℓ + 1 which leads to a centrifugal barrier in the outgoing collision channel. The centrifugal barrier suppresses inelastic processes as long as the energy defect between the initial and final Zeeman levels does not exceed the barrier height [11, 32] . At higher magnetic fields (or collision energies), the centrifugal barrier is easily surmounted and spin relaxation rates increase dramatically, as illustrated in Fig. 2 .
An interesting feature apparent in Fig. 2 is the rapid increase of spin relaxation as the collision energy is varied through the Λ-doubling threshold (0.06 cm −1 ). This is caused by the opening of new relaxation channels in the higher-energy f -manifold (see the upper panel of Fig. 1 ). At collision energies above 0.1 K, both elastic and inelastic cross sections display a rich resonance structure. The resonance pattern is rather dense and features both
shape and Feshbach resonances. This is in contrast with Σ-state molecules where a single (or at most several) shape resonances are typically present [20, 29] . The resonances grow in number with increasing magnetic field. At B = 0.5 T, the spin relaxation cross section shows two distinct peaks. We attribute the peaks to shape resonances in the outgoing collision channels which are split by the magnetic field. A similar separation of shape resonances has been observed for NH( 3 Σ − )-He collisions [33] . From Fig. 2 , the ratio of the cross sections for elastic scattering and spin relaxation varies from 1 to 100 in the temperature interval 0.01 -1 K. Therefore, cryogenic cooling and magnetic trapping of OH using 3 He buffer gas would be extremely challenging. The rate constant for spin relaxation is 1.2 × 10 −11 cm 3 /s at T = 0.1 K and B = 0.01 T, which corresponds to the OH trapping lifetime of ∼0.1 ms at the buffer gas density of 10 15 cm −3 . Although spin relaxation is suppressed at collision energies below 10 mK and magnetic fields < 0.01 T, this regime is far beyond capability of modern cryogenic cooling techniques.
Equations (31) and (32) establish that different Zeeman levels of OH are directly coupled by the atom-molecule interaction potential. Therefore, spin relaxation in collisions of 2 Π molecules with 1 S 0 atoms is a direct process, in which all Zeeman states get mixed up in a collision mediated by electrostatic interactions. The interaction potential for molecules in Σ electronic states is diagonal in spin degrees of freedom, and spin-changing transitions in 2 Σ molecules occur via a two-step mechanism through the coupling of the ground and the first excited rotational states and the spin-rotation interaction [11] . Collision-induced spin relaxation in 3 Σ molecules follows a similar mechanism involving the spin-spin interaction.
In the case of OH, direct couplings of different magnetic sublevels arise due to the anisotropic terms (λ > 0) in the expansion of the interaction potential over the Wigner D-functions (25) . of state-resolved cross sections shows that this transition is the least probable of all spin relaxation channels. As a consequence, the total inelastic cross section decreases by four to seven orders of magnitude depending on the magnetic field. The data shown in Figs. 2 and 5 demonstrate that spin relaxation of OH molecules in high electric field-seeking states can be completely suppressed by properly chosen combinations of electric and magnetic fields.
The control is especially robust at low collision energies (on the order of 1 mK) and magnetic fields not exceeding 0.01 T. However, Fig. 1 shows that for any given value of magnetic field, it should be possible to chose an electric field at which the |M| = 
IV. SUMMARY
We have developed a rigorous quantum theory for collisions of molecules in 2 Π electronic states with structureless atoms in the presence of superimposed electric and magnetic fields. Feshbach resonances may be used to create weakly bound He· · · OH complexes. It would be interesting to explore the effects of magnetic fields on spin-orbit, vibrational, and rotational predissociation of these complexes. The methods to control inelastic collisions presented in this work may be realized experimentally using Stark decelerated beams [5, 12] and electromagnetic traps [6, 34] .
